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ABSTRACT 
Fabrication of AIN-MgO-MgAl204 Ceramic Composite by Spontaneous Reactive 
Infiltration 
Hesam Nasery 
Aluminum nitride ceramics are in high demand in electronic industries as substrate 
materials for applications requiring high thermal conductivity. Sintering and hot pressing 
are the most common processing methods used to make dense A1N ceramics. However, 
all methods of A1N sintering involve high temperatures and long times. Therefore, it is an 
expensive material. Removing oxygen, as a main impurity of aluminum nitride, by a low 
cost method in order to achieve dense and high thermal conductivity aluminum nitride 
ceramics has been pursued for many years. 
A pressureless infiltration technique at low (650-950°C) temperature was developed to 
fabricate aluminum nitride-based ceramic matrix composites. The process involves 
forming a particulate porous compact of non-sintered aluminum nitride and introducing 
magnesium alloy into the channel network by spontaneous infiltration in a nitrogen 
atmosphere. Magnesium oxide and spinel phase (MgAhC^) were formed in-situ, when 
nitrogen gas was used. Densification, thermal properties, and microstructure of the 
products have been studied. Microstructural, phase, and chemical analysis show that 
AlN-MgO-MgAl204 ceramic composites can be fabricated successfully. Metallic phases 
were not observed in the samples fabricated at higher than 800 °C and electrical 
conductivity results show that they are insulators. Thermal diffusivity and heat capacity 
have been measured using nano-flash and differential scanning calorimetry techniques, 
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respectively. Thermal conductivity results are strongly influenced by the residual 
porosity. Maximum thermal conductivity and density at room temperature were measured 
to be 95.88 W/m.K and 2.451 g/cm3, respectively. 
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CHAPTER 1: INTRODUCTION 
In recent years, the electronic industries have experienced significant improvements. 
When the first transistor was invented in 1959, electronic chips could hold a single circuit 
element. Nowadays, millions of elements such as transistors, capacitors, and resistors 
have been mounted onto a single ceramic chip such as silicon carbide or aluminum 
nitride as electronic substrates. In order to ensure reliability and efficiency of electronic 
devices made of these elements, management of thermal dissipation and thermal 
expansion matching in electronic substrates is required. The issues of thermal 
conductivity, coefficient of thermal expansion, density, electrical resistivity, mechanical 
strength, chemical stability, environmental compatibility, and cost of material substrates 
have been considered by industries [1,2]. 
Aluminum nitride and its composites are often cited as a potential substrate 
material for future electronic industries due to some unique properties such as high 
thermal conductivity and low dielectric constant [3]. This study aims at the low 
temperature fabrication of non-sintered AlN-based composites by spontaneous infiltration 
with AZ91E, magnesium alloy. 
Although aluminum nitride is not a new ceramic (synthesized in 1877), it was not 
used until its potential in the thermomechanical and high performance electronic industry 
was realized (mid 1980s) [4]. It has attracted much attention over the past few decades by 
electronic industries due to the following properties: 
• Low dielectric constant 
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• High electrical resistivity 
• Good mechanical properties 
• Coefficient of thermal expansion close that of silicon 
• High thermal conductivity 
• Non-toxicity 
Interest in aluminum nitride has increased after Borom et al. [5] clarified that A1N 
is a good phonon heat conductor. Later, Slack et al. [6,7] studied the thermal conductivity 
of many nonmetallic crystalline and single crystal materials, including A1N, and 
predicted high thermal conductivity (-320 W/m.K) of single crystal aluminum nitride. 
Nipko et al. [8] revealed that A1N has the capability of operating in electrical devices at 
elevated temperatures. The idea behind using high thermal conductivity substrates is due 
to dissipation of heat through the substrate material with the advantage of not using 
external cooling facilities. Therefore, the demand for high thermal conductivity materials 
to develop high density integrated packages has increased [9,10]. 
The thermal conductivity of A1N is at least 5 to 8 times larger than that of alumina 
and close to that of silicon carbide, the current materials used for substrates. Alumina 
(AI2O3) has low thermal conductivity (~20 W/m.K) and a high coefficient of thermal 
expansion (7.2x10"6 /°C) compared to that of silicon carbide (3.2xl0"6/°C) and it is not 
suitable for the requirements of advanced integrated circuit applications. Miyashiro et al. 
[9] recommended that A1N can replace alumina due to its high thermal conductivity. A 
wide range of thermal conductivities for crystalline A1N has been reported from 50W/mK 
to 270 W/m.K. However, the reasons for such discrepancies are not obvious [4,11]. The 
most important obstacle for commercializing aluminum nitride apart from cost, is the 
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lack of reproducibility in thermal conductivity and the adhesion of metallization layers 
[12,13]. Aluminum nitride powder is synthesized by various methods such as 
carbothermal reduction, direct nitridation, floating nitridation, and chemical vapor 
deposition [14,3]. In addition, A1N has been used in electro-optics fields and structural 
applications such as crucibles [14]. 
With the advent of composites, ceramics play a drastic role in composite 
structures. The need for high performance and lightweight materials has persuaded 
researchers to develop magnesium composites with cost effective fabrication 
technologies. Magnesium alloys have some unique properties such as excellent 
castability, superior machinability, and high specific strength. Furthermore, they are one 
of the lightest materials known in engineering applications. Those properties have 
encouraged researchers to use magnesium matrix composites for some demanding 
applications [15]. Conventionally, magnesium matrix composites have been fabricated 
with different ceramic particles as reinforcing phases such as SiC, TiC, and A1N, through 
stir casting [16], squeeze casting [17], or powder metallurgy [18]. An increased tensile 
strength up to 237 MPa with 2.04 g/cm density for magnesium metal matrix composites 
reinforced with alumina short fibers by squeeze casting method has been reported 
[19,20]. Among traditional approaches to produce such composites, spontaneous 
infiltration has been used as a low cost and near-net shape method. Leon et al.[21] 
reported fabricating Mg/AIN composite using an infiltration technique with a linear 
coefficient expansion (CTE) of 7.65x10"6 /°C, which is higher that of A1N (4.4 xlO"6/°C) 
and lower that of magnesium (24xlO"6/°C) [21,22]. 
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The aim of this work is to study magnesium infiltration into a non-sintered A1N 
preform at relatively low temperatures (650-950°C) to achieve a dense A1N composite 
with appropriate thermal properties comparable to that of sintered aluminum nitride 
ceramic. It focuses on spontaneous liquid infiltration of molten magnesium alloy into 
porous A1N using in-situ reaction in a nitrogen atmosphere. 
Chapter 2 briefly outlines A1N properties and fabrication processes of magnesium 
matrix and A1N matrix composites and gives objectives of the present work. 
Methodology and experimental setting are given in Chapter 3. In Chapter 4, all 
theoretical and experimental results including microstructural, phase and chemical 
analyses, thermal properties, electrical resistivity, and density measurements will be 
discussed. Conclusions, contributions, and recommendations for future work are given in 
Chapter 5. Appendix A presents the method of thermal diffusivity measurement. In 
Appendix B, the results of all calculation related to heat capacity are reported. 
Crystallographic data of products and reactants are presented in Appendix C. 
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CHAPTER 2: LITERATURE REVIEW 
Ceramics are inorganic materials that can be defined as compounds between metallic and 
non-metallic elements. They have been used by mankind for many thousands of years. 
Up to the 1950s, the most important ceramics were termed traditional ceramics such as 
pottery, bricks, clay, and porcelain. More recently, ceramic materials are playing a 
significant role in industrial applications involving the research and development of 
electronic systems. In the twentieth century, important progress has been made in 
understanding the unique properties of these materials such as electrical insulation, 
mechanical strength, and thermal stability. Eventually, a new class of these materials with 
high performance, including oxide and non-oxide materials for technical applications, has 
emerged and has been termed engineering or advanced ceramics [23-26]. 
2.1 Aluminum Nitride 
2.1.1 Crystal Structure of A1N 
Aluminum nitride has a strong covalent nature (60% covalent, 40 % ionic), and 
crystallizes with a hexagonal structure under the Wurtzite type a = 3.111 ran and c = 
4.978 nm. In the AlN unit cell, aluminum atoms fill tetrahedral sites half-occupied by 
nitrogen atoms (Fig 2.1) [14,27,28]. 
Reduction of the c lattice parameter has been correlated to higher oxygen 
concentration and lower thermal conductivity of the AlN grains by Baranda et al. [29]. 
Wurtzite is a mineral crystal form of zinc sulfide, named after French chemist Charles-Adolphe Wutz. 
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Introduced Al vacancies result in a decrease in the c lattice parameter and increased 
phonon scattering defects. Oxygen in synthesized A1N forms a spinel phase which 
reduces the thermal conductivity. Minor additions of oxygen to A1N result in a variety of 
structures based on either A1N or spinel. 
In the Al-N system, aluminum nitride with the hexagonal wurtzite crystal 
structure is the only stable phase at ambient pressure. 
Figure 2.1: The crystal structure ofAlN[27] 
2.1.2 Aluminum Nitride Properties 
The thermal property of A1N along with electrical and mechanical properties of A1N will 
be discussed in this section. 
2.1.2.1 Thermal Conductivity 
Thermal conductivity is an intrinsic property of each material that indicates the ability for 
transferring heat. It is a critical property for any ceramic used as an electronic substrate 
material [30]. Thermal conductivity is defined by the Fourier equation [31]: 
6 
^ = - K A ^ 2.1 
dt dX 
Where dQ is the quantity of heat transmitted normal to the area A during time eft through 
thickness dX due to temperature difference dT. K is the thermal conductivity which has 
units of W/m.K. The minus sign indicates that the heat always flows from hot to cold 
regions. The amount of heat transfer is controlled by the: 
• Amount of heat energy present 
• Nature of heat carrier in the material 
• Amount of heat dissipation 
The heat energy present is a function of the volumetric heat capacity. The carriers 
are electrons and phonons (lattice vibration waves). The amount of heat dissipation 
depends on the average distance covered by lattice waves, or mean free path. The thermal 
conductivity, K, is directly proportional to the heat capacity c, the quantity and velocity 
of the carrier v, and the mean free path X: 
K oc cuA, 2.2 
In metals, heat is carried by free electrons (Ke) which are relatively free to move 
throughout the structure due to the metallic bonding. Thermal conductivity in pure metals 
is high because of a huge number of carriers and long mean free path. On the other hand, 
alloys have lower thermal conductivity rather than pure metals due to a reduction of mean 
free path. In nonmetallic materials, heat is carried by phonons (K\) and radiation at high 
temperature (Kr). Hence, total thermal conductivity is given by [14,23,26,28]: 
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K = K, + Ke + Kr 2.3 
Impurities, porosity, micro-cracks, grain boundaries, grain size, and secondary 
dispersed phases are some factors which affect thermal conductivity of ceramics. Among 
these factors, porosity has a dramatic influence on thermal conductivity. Under most 
circumstances, increasing pore volume will result in a reduction of thermal conductivity. 
It is because of the slow heat transfer across pores [14,23,28]. In a crystalline ceramic 
material, the basic requisites for high thermal conductivity are [4,14]: 
• Low atomic mass 
• Strong interatomic bonding 
• Simple crystal structure 
• Low anharmonicity 
• High purity 
These properties are best fulfilled with diamond. In 1911, Eucken [32] realized 
that diamond is a superior conductor for heat at room temperature. This idea was 
theoretically supported by Debye in 1914 [33]. Berman et al. [34] reported a thermal 
conductivity for diamond of 2000 W/m.K at room temperature. Beside diamond, boron 
nitride also has a high thermal conductivity at room temperature. However, they are both 
expensive and their manufacturing process has not yet been optimized. Beryllium oxide 
(BeO) is another material with high thermal conductivity, but it is not being used any 
longer because it is toxic [9]. Therefore, aluminum nitride is considered a promising 
substrate material for integrated circuits (IC). As mentioned earlier, the theoretical 
thermal conductivity of single crystal A1N is estimated to be 320 W/m.K [8,9]. The 
thermal conductivity of A1N ceramics is severely influenced by its chemical purity and 
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density. There have been several reports published on thermal conductivity of A1N 
ceramics, which range from 10 to 272 W/mK due to the presence of impurities and 
porosity [6,35,36]. Oxygen has been found as the most important impurity. Dissolved 
oxygen ions, either from incomplete conversion of AI2O3 or crude processing of A1N, 
occupy nitrogen sites in the A1N and generate Al vacancies to compensate for the electric 
charge [27,37]. Full densification of A1N is difficult due to its high covalent bonding and 
these oxygen impurities. Various parameters such as sintering conditions, holding 
temperature, holding time, and the quantity of sintering additives have been studied in 
order to make high thermal conductivity and dense, A1N [37]. The highest value of 
thermal conductivity for polycrystalline A1N has been reported by Nakano et al.; 272 
W/m.K for A1N sintered at 1900 °C for 100 hours under nitrogen gas [36]. Table 2.1 
shows summarises values of A1N thermal conductivity. Results show that the sintering 
process involves high temperature and long times. 
9 
Table 2.1: Thermal conductivity of aluminum nitride 
Reference 
Y. Baik [14] 
H. Nakao et al. 
[36] 
Y. Kurokawa et al. 
[38] 
T. Okada et al. 
[39] 
Kasori et al. [37] 
Baranda et al. 
[29,40] 
Kuramoto et al. 
[11] 
Watari et al. [50] 
Thermal 
Conductivity 























1950°C (1 h.) 
Sintering at 1900°C (100 
h.) under Nitrogen 
atmosphere 
Hot pressing at 1800°C 
Hot pressing at 1900°C 
Sintering at 1850°C (30 
min.) and annealing at 
1850°C(100h.) 
Sintering at 1825-1860°C 
(lh.) 
Sintering at 1800°C(lh.) 
under Nitrogen 
atmosphere 
Sintering 1500°C to 
1900°C (lh.) 
2.1.2.2 Physical and Chemical Properties 
The color of the A1N crystal varies from white to various shade of blue. Generally, pure 
aluminum nitride is white, and the blue one is by reason of the presence of about 7% 
aluminum oxycarbide, AI2OC, which resulted from reaction between aluminum and 
carbon monoxide during the carbothermal reduction synthesis method [41]. The most 
important physical and mechanical properties of A1N compared with those of BeO, 
AI2O3, and SiC, are shown in Table 2.2. Mechanical properties of A1N substrate show 
that it is more machinable than AI2O3 [37]. 
The melting point or decomposition temperature of A1N has been reported at 
2800°C under a nitrogen pressure of 10 MPa [42]. 
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Due to the significance of the surface condition on sintered properties, several 
studies have been focused on aluminum nitride powder oxidation. Aluminum nitride 
powders have good resistance to oxidation in air at room temperature. Therefore, no 
oxidation takes place below 700-750°C in air without moisture. Oxidation of A1N powder 
starts between 750-1100°C with the formation of the corrundum phase (a- AI2O3) 
[43,44,45]. The oxidation process depends on particle size, temperature, and humidity of 
the environment. The oxidation of A1N proceeds based on the following equation [14,46]: 
AAIN + 302 -> 2Al203 + 2N2 2.4 
Table 2.2: Physical and mechanical properties of ceramics used for substrates 
Properties 
Density (g/cm3) 
Flexure strength (MPa) 
Vickers hardness (GPa) 
Bulk modulus (GPa) 
Light transmission (%) (A,= 





























On the other hand, Slack et al. [42] reported that in the presence of moisture, a 
surface oxidation rate between 5 to 10 nm of oxide per day at room temperature takes 
place according to the following equation: 
AlN + 2H20(g)^>AlO-OH + NHl Low Temperature hydrolysis < 100 °C 2.5 
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Whereas, Abid et al. stated this reaction does not take place readily with atmospheric 
moisture at room temperature [43]. Another hydrolysis reaction between 100°C and 
300°C has been reported as follows [46]: 
2AlN + 3H20(g)^Al203+2NH^ High Temperature hydrolysis (100-300 °C) 2.6 
The oxidation rate of aluminum nitride is slow even at high temperature due to the 
formation of a dense, adherent aluminum oxide film on the surface. 
2.1.2.3 Electrical Properties 
Electrical properties of A1N, such as electrical resistivity, dielectric constant, dielectric 
strength, and breakdown voltage are also fascinating for electronic industries. Table 2.3 
summarizes the electrical properties of A1N and other materials. For general use, 
materials with electrical resistivity more than 1010 Q -cm are classified as good electrical 
insulators [47]. Figure 2.2 shows the range of electrical resistance of conductors, 
semiconductors, and insulators. 
Lew Resistivity type Medium Resistivity type 
Conductor Semiconductor Insulator 
- I 1 1 1 1— 
10-5 1Q0 1Q5
 1Q10 1015 
Figure 2.2: Electrical resistance range (Adaptedfrom [47]) 
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2.1.3 Sintering Mechanism of A1N 
In general, a process for forming a denser mass by heating (at 0.4-0.5 Tm (k)) compacted 
powder is technically termed as sintering. The sintering process usually results in 
removal of pores and strong bonding between adjacent particles [14,24]. A1N has poor 
sinterability due to low self-diffusivity [10,14,26]. Therefore, to enhance sinterability, 
sintering aids such as rare earth compounds (Y2O3, YF3, Y3A15O12), alkaline earth 
compounds (CaO, CaC03), or other compounds (MgO, Ti02, etc.) are used [48]. An 
appropriate additive for sintering A1N has to have the following characteristics [14,49]: 
1- Chemical compatibility with aluminum nitride 
2- High electrical resistivity in order to prevent electrical short circuits 
3- Formation of liquid phase at the sintering temperature (around 2000K) 
Among the many sintering additives, Y2O3 meets almost all above requirements 
and the use of Y2O3 results in high thermal conductivities. Watari et al.[50] observed that 
adding 1 mol% of Y2O3 can increase the thermal conductivity of aluminum nitride to 180 
13 
W/mK for sintering at 1500 to 1900°C for 1 hour (Table 2.1). Besides yttria alone, many 
studies [11,39,40,51] on the use of combinations of Y2O3 and other additives such as CaO 
and Si02 have been reported. During sintering, aluminum vacancies in the A1N lattice 
which have been created by incorporating oxygen on the nitrogen sites (by substitutional 
solution) cause a phonon-defect scattering. The resulting mass difference of the occupied 
Al sites and the aluminum vacancies generates lattice anharmonicity in A1N. A key defect 
which limits the thermal conductivity of A1N are the vacancies associated with the 
soluble oxygen [47,48]. Available commercial A1N powders have around 1 wt% of 
oxygen as a surface layer of oxide or aluminum oxy-nitride. The role of the additives is to 
form a liquid phase by reaction with surface AI2O3 and to act as an oxygen getter to 
remove oxygen from the A1N lattice [9,14,26]. The sintering aids react with the 
aluminum oxide surface layer at sintering temperature to make a liquid phase (liquid 
phase sintering). Consequently, alumina and yttria form three types of Y-Al-O 
compounds in the triple point of the grain boundaries [12,14,26]. Finally, to remove 
oxygen entirely from the A1N ceramics a new method was tried by Shinzoke et al.[54] 
and Nakano et al. [35]. In this method, they found that a reducing atmosphere such as 
carbon monoxide with nitrogen changed the aluminum oxides to aluminum nitrides and 
carbon monoxide to carbon dioxide. However, the reactions and the mechanisms which 
enhance the thermal conductivity under a reducing gas are not quite clear yet. The 
possible reactions taking place during sintering of aluminum nitride with Y2O3 in a CO 
reducing gas are [50]: 
Al203 +N2+ 3CO -> IAIN + 3C02 2.7 
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2Y203 • Al203 + N2 + 3C0 -> 2 AIN + 2Y203 + 3C02 2.8 
F203 +N2+ 3CO -> 2YN + 3C02 at>1850°C 2.9 
Oxidized layer 
Sintering Mechanism for High Thermal Conductivity AIN 
No add i t i ve a) Low Thermal Conductivity Temperature 1800, Time=6-8 hours 
T.C= 70-90 W/mK 
rt A i-4 i *• AION (Spinel) Oxide solid solution 
find 
other additives 




b) Medium Thermal Conductivity 
Temperature 1300, Titne=6-8 hours 
T.C= 180-320 W/mK 
A I 2 0 3 Y 2 0 3 
Y2Os and 
Reducing Gas 
c) High Thermal Conductivity 
Temperature 1800 C, Time= 100 hours 
T.C= 240-275 W/mK 
High TC 
Figure 2.3: Sintering mechanism of Aluminum nitride [9,55]: (a) No additive case: oxygen 
remains in spinel layers and oxygen solid solution, (b) Yttria as an additive: oxygen remains in 
triple points (c) Yttria and reducing Nitrogen gas: oxygen was almost eliminated 
Figure 2.3 shows a schematic of AIN sintering following three routes. The sintering 
process of AIN can be performed in the vapor-phase, solid phase, liquid phase, and 
reactive phase sintering which are based on the material transport mechanism [10,27]. 
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The highest value thermal conductivity reported is 272 W/m.K for A1N sintered at 
1900°C for 100 hours under reducing nitrogen gas [36]. 
2.2 Fabrication of Magnesium/Aluminum Nitride Composites 
Mg/A1N composites have been introduced as a novel metal matrix composite by Arroy et 
al. [22]. They studied mechanical properties and the infiltration process of molten 
magnesium into sintered A1N preforms under argon atmosphere at 950°C. In addition, 
fabrication of A1N composites in some systems such as Mg/AlN,MgO [21], 
Mg/AlN,MgAl204 [22], AlN/MgO [56], or AlN/Al203,MgO [57] have been reported. 
However, fabricating AlN/MgO,MgAh04 composites at low temperatures (<1000 °C) 
with reactive infiltration of molten magnesium into non-sintered A1N powder in order to 
achieve high thermal conductivity could not be found in the literature. The present 
chapter highlights the relevant processing techniques to fabricate Mg-matrix and A1N-
matrix composites. 
In general, the combination of two or more engineering materials (Metals, 
Polymers, Ceramics) to produce a new material, whose properties are designed to be 
superior to those of the constituent materials, is called a composite. In the middle of the 
nineteenth century, wooden planking with iron frames as a composite material was used 
in construction industries. The modern composites have been developed in the aircraft 
industry in the middle of the twentieth century [58]. 
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2.2.1 Processing of Magnesium Matrix Composites 
Generally, metal matrix composites consist of a metallic matrix combined with a ceramic 
(Oxides, Carbides) as a reinforcing phase. Magnesium, because of some specific 
properties such as low density, high specific strength, and availability, is receiving 
attention by many industries. Distributing the reinforcing phase in the matrix in a 
homogeneous way is the key challenge in the processing of magnesium matrix 
composites [3,23]. Fabrication of magnesium matrix composites reinforced with some 
ceramics such as A1N, MgO, SiC, and TiC can be classified into two categories as liquid 
state and solid state techniques. Stir casting, infiltration, spray forming, and in-situ 
processing are some examples of liquid state processing. Most metal matrix composites 
are produced through liquid state processing methods, due to the ability of the liquid 
metal to take any complex shape. Molten metal incorporates the dispersed phase, 
followed by solidification. In these techniques, high mechanical properties can be 
obtained by proper interfacial bonding (wetting) between molten the metal and dispersed 
phase [3,60]. 
2.2.1.1 Stir Casting 
In this method, the reinforcing phase is distributed into the molten metal by mechanical 
stirring. Low cost, high productivity, and near net shape capability makes the stir casting 
method a good technique for mass production [16,61]. Magnesium composites with 
various matrix compositions have been reported by stir casting [62,63]. Ray used this 
method to fabricate Al/AlN(p) composites [64]. Figure 2.4 illustrates a typical stir casting 
process of magnesium matrix composites. Due to the different densities of SiC particles 
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(3.2 g/cm3) and magnesium (1.74 g/cm3), the particles will deposit unless the melt is 
agitated. 
Metal i .'". 
Figure 2.4: Stirring of composite melt with ceramic particles to minimized settling of the 
particles during processing [3] 
2.2.1.2 Infiltration 
In this technique, preformed1 reinforcing phase (ceramic particles, fibers, etc..) is 
immersed into the molten matrix metal. The space between two particles is filled by 
molten metal. The driving force for this technique is either capillary force (spontaneous 
infiltration), or an external force (vacuum or pressure infiltration) [3]. In pressure-driven 
infiltration, the molten metal is forced into a ceramic preform by hydraulic or mechanical 
means. Typical pressures are between 1 and 20 MPa depending on the extent of wetting 
of the ceramic by the molten metal [3,65,66]. Apart from cost of the equipment and 
tooling, deformation and breakage of the preform during pressure application are major 
problems in the pressure infiltration method [60,66]. 
Squeeze casting is a pressure infiltration method. A movable part for applying 
pressure is placed on the molten metal and forces it to penetrate into the preform (Figure 
2-5). 
1
 The preform is an agglomerate or a compact of the reinforcement, which may be in the form of particles, 
whiskers or fibers. 
18 
Metal Matrix Composite 
Figure 2.5: Schematic of squeeze casting process [59] 
Magnesium matrix composites such as Mg/SiCw and AZ91/SiCw, have been 
produced using this technology, however, the amount of pressure has to be controlled 
properly [67,68]. Excessive high pressure produces a turbulent flow of molten 
magnesium. This causes gas entrapment and magnesium oxidation, which affects the 
microstructures and mechanical properties of the composites [60]. A two step squeeze 
casting process (indirect squeeze casting), consisting of infiltration at low pressure and 
solidification at high pressure has been introduced to fabricate ZK51A/SiCw composites 
byHuetal. [69]. 
In vacuum-driven infiltration, the driving force for infiltration is the applied 
vacuum [70,71]. In spontaneous infiltration, molten metal can be drawn through the 
channels of the porous preform simply by capillarity. The molten metal wets the skeleton 
of the porous ceramic. Aghajanian et al. [72,73] introduced this method to fabricate 
AI/AI2O3 and Al/SiC composites under nitrogen atmosphere. Kaneda et al. [74] 
fabricated a Mg/SiC composite by this method. A schematic set-up of spontaneous 






Figure 2.6: Experimental setup for spontaneous infiltration [60] 
Leon et al. fabricated a Mg/AIN composite using infiltration of molten 
magnesium into sintered A1N at 870-960°C under argon atmosphere [21]. They achieved 
90-110 GPa elastic modulus and 70-80 HRB hardness. Furthermore, a linear coefficient 
of thermal expansion of 7.65xlO"6 /°C, in the temperature range of 215-315°C was 
reported which is lower than that of A1/A1N composites. 
During infiltration of ceramics by molten metals, chemical reactions, pore 
closure, and capillary forces due to changing wettability play important roles in 
controlling the flow. Wettability is defined as the ability of a liquid to spread on the solid 
surface [3]. Figure 2.7 shows the wettability of a liquid drop on a solid substrate. The 
contact angle, a, is the angle between the liquid drop and solid which is obtained from a 
balance of interfacial tension according to the Young-Dupre equation [75,76]. 
ylv.cosa + yls=/s 2.10 
There are three specific energy terms: ysy, the energy of the solid/vapor interface; y\s, the 
energy of the liquid/solid interface; and y\y, the energy of the liquid/vapor interface. 
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Figure 2.7: Schematic diagram of wettability between molten metal and ceramics. I) a<90°, 
liquid wets solid; II) a>90°, non-wetting between solid and liquid; III) a=0 ° and a=180 ° 
complete wetting and non-wetting, respectively. [75,76] 
Practically, when the wettability between a molten metal and a solid ceramic is 
low, chemical or mechanical enhancement are recommended. Chemical enhancement can 
be performed either by depositing a suitable coating on the surface of the reinforcing 
body or by adding active alloying element(s) to the metal. The promotion agent in 
infiltration is essential to overcome the surface energy barrier. Kaneda and Choh [74] 
applied SiC>2 as the infiltration promotion agent to improve wettability between molten 
magnesium and SiC particles. Mechanical enhancement is achieved by applying pressure 
such as vacuum infiltration [70,71] and squeeze casting [19]. 
The penetration of a liquid (/) with time (t) through a porous material by capillary 
infiltration can be followed by the Washburn equation [76,22] as follows: 
I2 =(rvlvcosa/2r])xt 2.11 
Where r\ is the viscosity of the liquid and r is the pore radius. A parabolic relation 
between time and length of infiltration has been measured in Al/TiC system at 1050 to 
1200°C under flowing argon [76]. 
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2.2.1.3 Spray Forming 
Spray forming or spray deposition is a process in which the metal or alloy is melted and 
the liquid stream is atomized with an inert gas. Droplets of molten material are directed 
onto a substrate to build up bulk metallic materials [3,60]. Recently, this technique has 
been modified by injecting reinforcing particles in to the stream of atomized molten 
matrix particles (Figure 2.8). The advantageous of this method is the high rate of 
production. However, rapid solidification rate, which minimizes any reaction between 
particle and matrix, has been considered as the other advantage [3,60,78]. Some studies 
[78,79] on the fabrication of Mg composites using the spray forming method have been 
reported. Noguchi et al. [80] used the spray forming method for making Mg/SiC 
composites and studied the effect of SiC particle size on elastic modulus and hardness of 
these composites. 
Figure 2.8: Spray co-deposition of SiC particles andAl droplets, to form composite particles [3] 
2.2.1.4 In-situ or Reactive Process 
In this technique, the reinforcing phase is formed in the matrix as a result of metallurgical 
reactions from the melt during its cooling and solidification. Different types of Metal 
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Matrix Composites have been fabricated by this method such as particle, short fiber, and 
long fiber reinforcing phases [81,82]. Low cost of equipment, homogeneous distribution, 
and good bonding between matrix and reinforcing phase are the most advantages of in-
situ method. However, the reinforcing phase is limited by thermodynamic reaction [3,60]. 
Mg/Mg2Si composites are probably the fist magnesium composite fabricated by this 
method and its analysis indicated that they have potential for elevated temperatures 
applications [83]. Fabrication of Mg/MgO composites has been studied for the reaction 
between Mg and B2O3 [83]. Mg/TiC composites have been formed by the reaction of Mg 
with Ti and C [85]. 
The difficulty of controlling the reinforcement to make a uniform matrix 
microstructure is the main disadvantage of liquid state processing. Furthermore, the 
reactions between matrix and reinforcement can have an adverse effect on the final 
properties [3]. Solid state processing is a process where the MMCs are formed by 
bonding of reinforcing and metal matrix phases due to mutual diffusion between them at 
high temperature and under pressure, in the solid state. Powder metallurgy and diffusion 
bonding are categorized as solid state processes [3,60]. In these techniques, the 
processing temperature is below (or a little above) the solidus temperature of the metallic 
powder. Thus, undesirable reactions on the boundary between the matrix and the 
reinforcing material are eliminated [3,86]. 
2.2.1.5 Powder Metallurgy 
The metal powder and the ceramic reinforcing powder are blended, pressed, degassed, 
and sintered at a certain temperature and atmosphere with hot pressing or a vacuum. 
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Powder consolidation is one of the most popular methods to produce MMCs because of 
the high volume fraction of reinforcement phase (up to 70%) that can be achieved and 
near net shape. However, alloy powders (matrix phase) are generally more expensive 
than bulk material, and handling large quantities of highly reactive (potentially explosive 
powders) involves complicated processes. Therefore, powder metallurgy may not be a 
good technique for mass production of metal matrix composites [3,60,86]. AZ91/SiC, 
AZ91/Ti02, and AZ91/Zr02 are some magnesium matrix composites fabricated by this 
method [87,88]. 
2.2.2 Processing of Aluminum Nitride Matrix Composites 
Ceramic matrix composites consist of a ceramic matrix combined with a ceramic (oxides, 
carbides) as reinforcing phase. A1N matrix composites reinforced with other ceramics 
such as AI2O3, MgO, and SislSU have been fabricated by hot pressing, in-situ chemical 
reaction, reaction bonding, and DIMOX1 techniques [23,86]. 
2.2.2.1 Hot Pressing 
The matrix powder and fiber are mixed together and hot pressed. In this way, pore-free 
and fine-grained compacts will be achieved and the rate of densification will increase. 
The main disadvantage of this technique is non-uniformity of products due to applying 
unidirectional pressure. The hot isostatic pressure method at elevated temperatures has 
been recommended to overcome this drawback. However, it is very expensive. An 
example of the hot pressing technique is SiC whisker reinforced AI2O3, used in cutting 
1
 Direct metal oxidation (DIMOX) as a novel technique is developed by Lanxide Corporation. 
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tool applications [86]. Hot pressing of mixed powders of Al-Mg and MgO to investigate 
the formation of MgAfeCU phase has been reported by Kurtz et al. [57]. 
2.2.2.2 In-situ Chemical Reaction Techniques, Chemical Vapor Deposition (CVD) / 
Chemical Vapor Infiltration (CVI) 
Chemical vapor deposition (CVD) is a process wherein chemical reaction or 
decomposition between hot substrate surfaces of the preform and a mixture of gases 
resulting in coating of the ceramic material on the substrate. The CVD technique has 
been used in some applications such as, A1N synthesis, solar cells, and refractory coating 
for jet engine turbine blades [24,59,86]. When the CVD technique is used for the 
infiltration of fiber preforms, it is termed chemical vapor infiltration (CVI) (Figure 2.9) 
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Figure 2.9: Chemical vapor infiltration [59] 
This process has been used to fabricate near-net shape composites. Damaging the 
fiber reinforcement and slow process rates are the main drawbacks of the CVI technique. 
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Streckert et al. [89] produced SiCfiber/SiC composites for use in fusion reactors by the 
CVI technique. 
2.2.2.3 Reaction bonding 
Reaction bonding involves reaction between a porous compact and a reactant (liquid or 
gas) to create a solid. In the case of gas phase reactant, the green body is made to the 
desired shape by compacting a mixture of the reactant (usually in the form of powders) 
and the reinforcing material (fibers, whiskers, or particles) [86]. The effects of processing 
times and temperatures on AlN/MgO, MgAhC^ composite ceramic have been 
investigated using reactive bonding between magnesium powders and alumina preforms 
under nitrogen atmosphere [90]. In the case of liquid phase reactant, the reaction is 
between a porous solid and a liquid. For example, a porous body made by mixing SiC 
and C particles was infiltrated with liquid Si by Hiling et al. [91]. Aghajanian et al. [73] 
fabricated A1N matrix composites by infiltration of molten Al into Si3N4 preforms. The 
advantage of reaction bonding apart from near net shape fabrication is low processing 
temperature. 
2.2.2.4 Direct melt oxidation (DIMOX) 
Oxidation of a liquid metal to form a solid ceramic body using a direct growth process 
has been patented by Lanxide Corporation. The word DIMOX was coined by Newkirk et 
al. [92,93] and it stands for the Direct Metal OXidation process. In this process, a 
preform of reinforcing phase (fibers, particles) is placed on the surface of the molten 
metal in an oxidizing atmosphere. Oxidation of liquid metal takes place in a gaseous 
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oxidant e.g. air. A thin layer of ceramic with some reinforcing phase will form. Capillary 
force acts as a driving force to infiltrate the porous ceramic layers with the melt. The melt 
advances and ceramic forms, this process stops when the reaction reaches the barrier as 
shown in Figure 2.10 [86,93,94]. A^CVSiC composites were produced by oxidation of 
molten Al-Mg-Si alloys into SiC powder at 1150-1350°C [94]. The DIMOX process is 
potentially a low-cost process with good mechanical properties. However, it is difficult to 
control the reaction [86]. When this process is carried out in nitrogen atmosphere with 
ceramic preforms such as: SiC, A1N, AI2O3, S13N4 it is called Direct Melt Nitridation and 
referred to as spontaneous infiltration [72,73,95]. 
Oxygen 
Molten metal Preform Oxidation front Finished CMC 
Figure 2.10: Fabrication of CMC by DIMOX [59] 
Arroy et al. [21,22] fabricated Mg/AIN composites using sintered porous 
aluminum nitride ceramic particulates as preforms by infiltration of molten magnesium at 
870-960°C under argon atmosphere. They studied the effects of time and temperature on 
the infiltration process and reported a parabolic behavior of capillary infiltration 
according to equation 2.11. Formation of new phases such as MgO and MgA^C^ because 
of the reaction between magnesium and alumina has been detected by TEM and XRD. 
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Xin et al. [56] studied the effects of magnesium contents on the formation of 
MgO/AIN composites by spontaneous reactive infiltration of molten Al-Mg-Si alloy into 
preformed MgO in a pure nitrogen stream at 1200°C. They reported that Mg is vaporized 
and reacted with oxygen at a certain temperature, which plays a role in removing oxygen 
completely. On the other hand, molten aluminum infiltrated into preformed MgO and 
formed aluminum nitride. Spinel (MgAfeO^ phase at the interface layers has been 
detected by XRD and SEM. 
Kevorkijan et al. [95] studied the infiltration process of molten magnesium alloy 
into three porous performs: quartz sand, boron carbide and silicon nitride in nitrogen 
atmosphere at 950°C for 4 hours by spontaneous reactive infiltration. They demonstrated 
that all samples have a similar spontaneous infiltration mechanism. Magnesium nitride 
(Mg3N2) formed by reaction of magnesium vapor and nitrogen atmosphere, coated the 
reinforcement surface and induced pressureless infiltration through greatly enhanced 
wetting; however magnesium nitride was not detected in final products. Formation of 
MgAl204 phase due to the reaction between Si02 and molten magnesium alloy at 950°C 
is also reported. 
Hou et al. [96] reported the formation of AlN/Mg3N2 ceramic composites by 
spontaneous infiltration of aluminum into a Mg3N2 powder bed and found that 
magnesium serves as a catalyst in the nitridation process. Substitution reaction occurs 
between magnesium nitride and molten aluminum. Therefore, small particles of 
aluminum nitride were observed. 
Watari et al. [90] reported a reactive infiltration of magnesium vapor into alumina 
powder compacts to fabricate MgO/AIN, MgAl204 ceramic matrix composites under 
28 
nitrogen atmosphere at 800-1000°C for 4 hours. The effects of processing time, 
temperature, and size of alumina particles on the densification behavior have been 
studied. 
Kurtz et al. [57] investigated the formation of spinel (MgAkC^) by mixing and 
hot-pressing of Al-Mg and MgO powders. They described the effects of heating rate, 
initial porosity of specimens, and MgO particle size on formation of spinel phase. They 
reported that Mg diffuses towards the surface of the alloy and oxidizes to form MgO 
which becomes available for the formation of spinel at the interface of MgO and Al-Mg. 
Duncan [97] reported the formation and expansion of MgAl204 phase in the 
MgO/AbOs system through a powder metallurgy method at 1200 to 1700°C. Effects of 
particle size, holding time, and temperature factors on linear thermal expansion of 
MgAl204 show that an extraordinary expansion greater than the theoretical prediction, 
calculated from the reaction of MgO and AI2O3 (8.02% in volume), occurred. 
Hafidi et al. [12] investigated the thermal diffusivity of various AIN-based 
ceramics with other sintering aids such as BeO, MgO, CaO, and Y2O3 using the 
hotpressing method. They reported that increasing oxide sintering aids, including MgO, 
results in lowering of the thermal diffusivity due to the formation of MgAl204 which acts 
as a thermal diffusivity barrier at grain boundaries. 
Scholz et al. [98] studied AI2O3/Al-Mg composites at 1000°C under nitrogen 
atmosphere. They reported that the nitridation of pure Al in the absence of Mg was 
restricted to the formation of a thin protective A1N layer on AI2O3 which prevented 
further nitridation. Also, MgO and MgAh04 have been detected by XRD patterns. 
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Rao et al. [99] studied the infiltration of Al-Mg based alloy into porous alumina 
performs in the temperature range 800-900°C in nitrogen atmosphere. The rate of 
infiltration increases with reducing particle size of alumina due to increasing capillary 
forces. Further reduction of alumina particles to sub micron dimensions results in 
reducing the infiltration rate. The formation of MgO phase has been reported at 900°C. 
Nagendra et al. [100] studied the mechanical properties of AI2O3/AIN-AI 
composites by pressureless infiltration of Al-Mg-Si-Fe alloys into alumina in nitrogen 
atmosphere. Maximum Vickers hardness of 13 GPa was achieved for samples processed 
in N2-2%H2 atmosphere at 1200°C. 
In summary, the works reported on the Mg/AIN composites focused on 
processing of sintered A1N to produce ceramic or metal matrix composites. Nevertheless, 
using non-sintered A1N performs in order to approach similar density and thermal 
properties of sintered A1N ceramic at low temperature could not be found in the 
literature. 
2.3 Objectives of the Present Work 
Nowadays, the demand for high thermal conductivity aluminum nitride is high and many 
studies focus on increasing its thermal conductivity with low cost techniques. In fact, all 
known techniques for sintering aluminum nitride are expensive due to high temperatures 
(> 1700 °C) and long processing times. 
To date, no effort has been made to study spontaneous infiltration of molten 
magnesium alloys into non-sintered aluminum nitride at low temperature (<1000°C) to 
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achieve a thermal conductivity similar to sintered A1N ceramic. The main objectives of 
this work are to: 
• Establish a method for pressureless infiltration of magnesium into non-
sintered aluminum nitride at low temperatures, making a dense composite. 
• Assess the phase development and stability in the AIN/Mg system at 
various temperatures in the range 650 to 950°C under nitrogen atmosphere 
using room temperature X-ray diffraction. 
• Characterize the microstructure of products in terms of porosity and 
formation of new phases due to in-situ reaction. 
• Calculate thermal conductivity based on thermal diffusivity, density, and 
heat capacity measurements by laser flash, Archimedes law, and 
differential scanning calorimetry, respectively. 
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CHAPTER 3: EXPERIMENTAL PROCEDURE 
The present work involves the pressureless infiltration of molten AZ91E magnesium 
alloy into non-sintered aluminum nitride porous preform. The experimental work consists 
of: 
1- Set-up experimental facilities such as: die and punch to make compact preform, 
cylindrical chamber, inlet, and outlet pipes to apply nitrogen gas. 
2- Fabricate aluminum nitride composite by infiltration of molten magnesium alloy 
(AZ91E) into A1N preforms. 
3- Carry out the microstructural, physical, and thermal characterization of the 
products. 
Figure 3.1 shows the experimental procedure with all the steps that will be discussed in 
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Figure 3.1: Experimental procedure flow chart 
3.1 Raw Materials 
3.1.1 Aluminum Nitride 
All experiments were employed using A1N powder, dry-pressable grade, supplied by 
Accumet Materials Co., USA, containing 5 wt.% Yttria, 1 wt.% Oxygen, 0.08 wt.% 
Carbon, 50 ppm Iron, 40 ppm Silicon and 80 ppm other impurities. The average particle 
size of the powder is 4-5 microns. 
3.1.2 Magnesium Alloy, AZ91E 
The AZ91E alloy with 648±3 °C melting point was used in the present work provided by 
MEL (Magnesium Elektron, Manchester, UK) and its chemical composition is given in 
Table 3.1. 
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3.2 Composite Fabrication 
3.2.1 Preform Preparation 
The particles were poured into a 25 mm diameter die and uniaxially pressed by hydraulic 
force at a pressure 50-70 kPa in order to make a compact powder disc. Preform 
dimensions were maintained at 25mm diameter and between 6-10 mm heights. Figure 








































Figure 3.2: Drawing of the die and punch used to make AIN Preform. All dimensions are in mm; 
A- Die, B- Punch, C- Disc 
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3.2.2 Alloy Preparation 
Magnesium alloy ingot was cut into round shapes by saw in order to cover the preform 
disc. All sides were polished with 120 and 240 grit SiC papers to remove oxygen layers. 
Samples were immersed in hydrofluoric (HF) acid and cleaned in acetone right before the 
infiltration experiment in order to minimize oxidation. 
3.2.3 Infiltration Equipment 
The equipment for the infiltration process to fabricate A1N composites consists of: 
1. LINDBERG/BLUM 1100°C box furnace (model: BF5-1800) equipped with 16 
segment programmable controller and K-type thermocouple to control 
temperature inside the furnace. 
2. Magnesium alloys and A1N preforms were placed in a boron nitride crucible and 
surrounded by a powder bed of A1N in order to facilitate removal of the 
composite and residual metal after the experiment. 
3. A cylindrical iron chamber and relevant pipes to introduce nitrogen gas (about 1 
cmVmin.) into the chamber during heating up surrounded the BN crucible. 
3.2.4 Infiltration Processing 
In order to achieve full infiltration, simultaneous downward and upward infiltrations have 
been employed. The boron nitride crucible containing the aluminum nitride preform and 
two pieces of magnesium alloy (AZ91E), on the top and bottom of the preform, were 
carefully placed in the furnace (Figure 3.3). The mass fraction of A1N to Mg was kept 
constant at 5/3 (Table 3.2). Experiments were performed at three temperatures (650°C, 
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800°C, and 950°C) for different times (25, 60, 90, and 135 min.). Afterwards, the furnace 
cooled down to room temperature. Figure 3.4 shows the temperature profile applied in 
these experiments. 
Table 3.2: All samples and relevant mass fractions 













































Figure 3.3: Schematic set up for upward and downward infiltration of two pieces Mg alloys into 
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Figure 3.4: Experimental temperature profile with 4 "C/min. heating rate: At = t2-ti (25,60,90, 
and 135 min), T= 650, 800, and 950 °C 
3.3 Composite Characterization 
3.3.1 Density and Porosity Measurements 
The bulk density of the infiltrated composites was measured by Archimedes method, as 
stated in ASTM standard C20-97 [102]. The dry weight (D) was measured, and then the 
sample was placed in boiling water for 2 hours. After boiling, the specimens were cooled 
to room temperature while still entirely immersed in water for 12 hours. Each specimen 
was weighed while being suspended in water (S). Then, the weight of wet samples was 
measured in air (W). The following equations were used to calculate the apparent 
porosity (P) and bulk density (ps): 
W-D W-D P(%) = yl—±L








V is called the exterior volume in cubic centimeters knowing that 1 cm3 of water weights 
l g . 
3.3.2 Bulk Electrical Resistivity Measurements 
The Agilent 4339B high-resistance meter for making precision high-resistance 
measurements was used, at room temperature. Electrical contacts were made with thin 
layer of highly conducting silver adhesive on the top and bottom of each sample (Figure 
3.5). 
Figure 3.5: Experimental setting for electrical resistivity measurement 
3.3.3 Sample Preparation 
The samples were sectioned into several portions as shown in Figure 3.6. All pieces were 
cut by a BUEHLER ISOMET low speed saw machine. Section "B" was cut into more 
pieces used for scanning electron microscopy, X- ray diffraction, and differential 
scanning calorimetery. Section "A" was cut into a square shape (12.5mmx 12.5mm and 2-
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3 mm thickness) to measure thermal diffusivity. Section "C" and "D" were used for 
density and porosity measurements. 
I L S, \~S 
Figure 3.6: Schematic sample preparation process 
3.3.4 Sample Preparation for Microanalysis 
Samples were ground with 120, 240, 400, 600, 800, and 1200 grit SiC papers, and 
polished following this process; samples were polished by soft synthetic short-napped 
fiber cloth using 9 and 1 micron diamond pastes with water as lubricant and coolant 
[103]. The polishing was finished with 0.05 micron colloidal silica. 
3.3.5 Scanning Electron Microscopy 
The microstructure of the composites was examined by JEOL JSM-840A scanning 
electron microscope (SEM) equipped with Energy Dispersive X-ray Spectroscopy (EDS) 
in the Mining and Material Engineering Department of McGill University. The SEM was 
used either in the secondary electron (SEI) or backscatter electron (BSE) modes at 15 
KeV. A thin layer of gold-palladium coating to enhance conductivity of the samples for 
imaging purposes in case of surface charging was used. 
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3.3.6 X-Ray Diffraction (XRD) 
In order to determine the crystalline phases in the composites, a CuKa X-ray 
diffractometer (APD 1700, Philips) in the Mining and Material Engineering Department 
of McGill University, was used. The analysis was performed at an accelerating voltage of 
40 KV (±0.1%) and a beam current of 20 mA (±0.1%) for 20 angles of 5 to 85°. 
3.3.7 Thermal Conductivity 
Once thermal diffusivity and heat capacity (Cp) are obtained, the thermal conductivity 
can be calculated according to: 
K = CpxpxD 3-3 
Where; 
K = Thermal conductivity (W/mK) 
Cp = Specific heat capacity (J/gK) 
p = Density of samples (kg/m3) 
D = Thermal diffusivity (m2/s) 
Therefore, to calculate the thermal conductivity of samples, measurement of thermal 
diffusivity and heat capacity as well as density is required. 
I) Thermal Diffusivity Measurements 
Thermal diffusivity of samples was determined by means of a laser nano-flash apparatus 
(NETZSCH, LFA 447) using a Xenon flash lamp operating at 400 ms and liquid nitrogen 
as coolant. To analyze thermal diffusivity, the composite samples were cut in the form of 
12.5mm square slabs with approximately 2-3mm thickness. Both faces of each sample 
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were coated by a thin layer of graphite to ensure uniform absorption of laser beam. The 
finite pulse correction of Cowan (see appendix A) was applied to the measurements. 
II) Heat Capacity Measurement 
Heat flux Differential Scanning Calorimetry (DSC) (TAinstruments-QlO) was used to 
measure heat flow vs. temperature between 25 to 300°C with 0.34°C/Sec heating rate. 
Before acquiring the measurement of heat flow, each sample was heated twice up to 
350°C and then cooled to make sure samples had no moisture. Based on the following 




dH/dt = Heat Flow (W/g) 
Cp = Heat capacity (J/ ° C) 
dT/dt = Heating rate (° C/Sec) 
f(T,t)= Heat flow as function of time and temperature 
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COMP 10.0kV x100 100um SEI lO.OkV X3000 5um i5-
Figure 4-1: SEMmicrographs of samples infiltrated at 650 °C; a) 25 min., b) 90 min. 
c) 135 min. Region "A" AIN, Bright spots "B" metallic phase 
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magnesium are detected at all holding times. Gamma phase (MgnAln) peaks have been 
observed only in samples with holding times 90, and 135 min. However, the gamma 
phase peaks are not as strong as that of aluminum and magnesium. 
The resulting composite at this temperature contained metallic phases as can be 
seen in Figure 4.3. The existence of metals in the final composite indicates incomplete 
oxidation and nitridation, thus the ceramic matrix composite formed is unsuitable for 
electronic applications. 
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Figure 4-2: EDS patterns corresponding to the regions with different color and morphology in 
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Figure 4-3: XRD patterns for infiltration at 650°C with different holding times 
Formation of MgnAli2 takes place during solidification at 458°C (731K) based on 
the Al-Mg phase diagram shown in Figure 4.4. EDS results in most regions of the AIN 
show that a thin layer of metal covered the edges of the aluminum nitride regions. Figure 
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Figure 4-4: Al-Mg Phase Diagram [101 J 
Figure 4-5: Typical interfacial region of composite and EDS result for samples infiltrated at 
650°C 
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The effects of holding time on the phase contents were investigated by the peak ratio 
technique. The results are shown in Figure 4.5. The peak ratio is defined as: 
(W/,)xl00 4-1 
Where / is XRD intensity and /t is: 
U = nW(AlN) + *200(MgO) + ^2\(Mg„Aln) + 'l04(r2O3) + l\U(Al) + M03(Afg) 4 - 2 
hki is the highest peak for each phase in a given XRD pattern. For instance, 
crystallographic data [104] for the current experimental XRD pattern show that the 
highest peak for A1N occurs for the (111) plane. Figure 4.6 revealed that as holding time 
increases, the quantity of MgO slightly increases and the amount of gamma phase 
increases as well. However, the quantity of aluminum nitride and aluminum phases is 
almost constant. Magnesium reduces due to evaporation and oxidation. 
Effect of Process time at T=650 C on peak ratio 
60 80 100 120 
Tfma/Mln. 
Figure 4.6: Effect of holding time on the phase contents of samples processed at 650°C 
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According to these results, it is suggested that in the initial stages, some amount 
of magnesium volatizes at 650°C and reacts with nitrogen and both gaseous magnesium 
nitride and magnesium vapor forms. Magnesium vapor pressure (2.9 KPa at 650°C) is 
relatively higher than that of magnesium nitride (3.9x10"3 Pa at 650°C). Furthermore, the 
Gibbs free energy of MgN formation is positive: 
Mg +—N2 -» MgN AG>0 4-3 
Therefore, only magnesium could be considered as an active vapor phase in this 
process and it reacts with oxygen: 
Mg + -02->MgO AG= -96.8 KJ 4-4 
The remaining part of the magnesium alloy infiltrated into the A1N preform. The 
quantity of A1N almost remains constant because the temperature is still lower than the 
oxidation of the A1N which is more than 700°C [46]. On the other hand, XRD patterns of 
A1N powder after several refinements show that only 1.04 wt % alumina exists in A1N 
powder (Figure 4-7). Thus, MgO forms mainly through the oxidation of magnesium 
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Figure 4-7: XRD pattern of raw AIN powder 
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II) Composites Fabricated at T= 800 °C 
The infiltration experiments were successfully carried out at 800°C and four holding 
times (25, 60, 90, and 135 min). Except for the sample with a holding time of 25 min, 
which was fragile and porous, the other samples were relatively strong and dense. Figure 
4-8 shows SEM images of samples processed at different holding times. Pores and 
microcracks are indicated on the images. EDS patterns in Figures 4-9 show that regions 
"A" consist of aluminum, nitrogen, and some amount of yttrium while particles "B" are 
composed of magnesium and oxygen. XRD patterns in Figure 4-10 support the EDS 
results and revealed that samples with 25 min, 60 min, and 90 min holding times are 
composed of two distinct phases, aluminum nitride and magnesium oxide. In addition to 
the presence of A1N in regions "A", small A1N particles have also been observed through 
the SEM images (Figure 4-8a,b). The sample that was kept at 800°C for 135 min. holding 
time consists of spinel phases (MgAhO^ in addition to aluminum nitride and magnesium 
oxide. However, the XRD peaks of spinel are weak compared to other peaks and due to 
relatively small amount, it could not be observed in the SEM images. The phase diagram 
of alumina and magnesia (Figure 4-10) shows that formation of spinel occurs at a higher 
temperature than 792 °C. 
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Figure 4-8: SEM micrographs of samples infiltrated at 800°Cfor: a) 25min, b) 90 min 
c) 135 min 
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Figure 4-10: XRD patterns for infiltration at 800°C and different times 
The effects of process time on the phase contents indicate that as holding time 
increases, the amount of AIN is reduced and the magnesium oxide content increases 
(Figure 4-11). The peak ratio has been calculated using: 
"
 —
 *100(AIN) ~"~ hoOiMgO) "*" n04(r2O^) + hlO^MgA^) 4-5 
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Figure 4-11: Al203-MgO Phase Diagram [110] 
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Based on all results, it is suggested that, similar to the composite samples at 
650°C, magnesium reacts with oxygen and forms magnesium oxide. Furthermore, 
aluminum nitride starts to oxidize beyond 750°C [87,89] and alumina forms according to 
the following reaction: 
4AlN(s) + 30, -> 2Al203 + 2N2 4-6 
Formation of more magnesium oxide is attributed to the reaction of the alumina film with 
magnesium according to Equation 4-7. Therefore, the rate of MgO formation is higher 
than observed for the samples processed at 650°C. 
Al203 (s) + 3Mg(g) -> 2Al{l) + 3MgO(s) 4-7 
No metals were observed in the samples processed at 800°C with 25, 60, 90, and 
135 min holding times. Some of the liquid aluminum formed according to Equation 4-7, 
reacts with nitrogen to form aluminum nitride according to: 
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Effects of Process time at T=800 C on peak ratio 
20 40 60 80 
Time/Mfn. 
100 120 140 
Figure 4-12: Effect of holding time on the phase contents of samples processed at 800"C 
2Al(l) + N2(g)->2AlN(s) 4-8 
Formation of spinel (MgAl204) occurs only in the sample with 135 min holding time 
because of the reaction of alumina with magnesium oxide as: 
MgO(s) + Al203(s) -> MgAl204 4-9 
III) Composites Fabricated at T= 950 °C 
SEM images of samples at four different holding times are shown in Figure 4-13. The 
infiltration experiments were successfully carried out at 950°C with four holding times 
(25, 60, 90, and 135 min). 
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Figure 4.13: SEM micrographs of samples infiltrated at 950 °C; a) 25 min, b) 90 min 
c) 135 min 
55 
All samples were relatively denser than the ones processed at lower temperatures. 
Pores and microcracks are pointed out on the SEM images and relatively more uniform 
distribution of aluminum nitride is observed compared to other samples. EDS and XRD 
patterns are shown in Figure 4-13 and 4-14, respectively. 
LA 
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(c) 
Figure 4-14: EDS pattern corresponding to: a) Regions "A ", b) Regions "B", c) particle "C" in 
Figure 4-12 
Samples with 25 min and 60 min holding times have two phases, aluminum nitride 
(region "A") and magnesia (particles "B"). However, some tiny A1N particles have been 
detected through SEM (Figure 4-13b,c). 
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Figure 4.15: XRD patterns at 950 "C and different holding times 
Samples with 90 min and 135 min process time consist of three distinct phases; 
aluminum nitride, magnesia, and spinel (MgAhC^) in region "C". This is supported by 
the XRD patterns in Figure 4.15 which shows relatively strong spinel peaks in samples 
processed at 135 min. 
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Effect of processing time is presented in Figure 4.16. Peak ratio has been calculated by: 
" ~*100(AIN) +*200(MgO) +^l04(Y2Oi) + hl^MgA^) 4-10 
As time increases, the quantity of aluminum nitride decreases due to its oxidation. On the 
other hand, formation of magnesia and spinel increase according to equations 4-7 and 4-
9. In the samples processed at 950 °C, formation of spinel occurs at lower holding times 
(90 min) compared to 135 min for the case of 800°C. The rate of magnesia formation and 
aluminum nitride consumption are higher than at 800 °C. 
100 Effect of Process Time at T=950 C on peak ratio 
0 150 50 100 
Time/Mm. 
Figure 4.16: Effect of holding time on the phase contents of samples processed at 950 °C 
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4.2 In situ Infiltration Mechanisms 
The kinetics of the spinel formation reaction was first quantitatively described by Wagner 
[105] and Carter [106]. They reported that in the MgO/AbOs system, one quarter of 
MgAl204 spinel forms at the MgO/MgAl204 interface, while three quarter forms at the 
MgAkCVAbOa phase boundary (Figure 4-17). 
MgO Al jO j 
2Af 
AI2O3 
3Al20j + 3Mg* + 302 ' -» 3MgA]204 
L » MgO + 2AI3+ + 3Q2" -» MgAl20* 
Figure 4.17: Reaction mechanism and phase boundary reactions for spinel formation: 
MgO + Al203 -> MgAl204 [96] 
The driving force for reaction is the difference in the Gibbs free energy between 
the reactants and product. The standard Gibbs free energy changes, AG0, for the possible 
reactions are plotted in Figure 4-18 as a function of temperature. According to the values 
of driving forces, the reaction for spinel formation is less favorable than others due to its 
relatively lower Gibbs free energy. However, with increasing temperature it becomes 
more favorable due to more driving force reaction. 
59 
Figure 4-18 shows that formation of aluminum nitride and magnesium nitride is 
more favorable than MgO or spinel. Hence, in the experiments performed at 800, 950°C 
no un-reacted metal has been observed due to complete conversion of aluminum and 
magnesium vapor to aluminum nitride and magnesium nitride. Magnesium oxide is 
provided through magnesium reaction with the residual oxygen in the atmosphere and 
with alumina as can be seen in Equation 4-7. Therefore, the rate of MgO formation in the 
samples processed at 800 and 950°C is higher than that of samples at 650°C (Figures 4-6, 
4-12, 4-16) due to oxidation of A1N. 
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Figure 4.18: Changes of standard Gibbsfree energy with temperature 
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The successful infiltration of magnesium into AIN performs can be explained 
according to the description by Kevorkijian [95], Hou [96], and Shtessel [109]. They 
proposed that when magnesium volatizes and reacts with oxygen and nitrogen, 
magnesium oxide and magnesium nitride form. Magnesium vapor is an active gas 
because of its high vapor pressure, as stated before. Then, magnesium nitride (Mg3N2) 
particles are formed first by reaction of vaporized magnesium and nitrogen gas. A thin 
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layer of Mg3N2 coats the surface of the aluminum nitride phase and improves 
spontaneous infiltration through significantly enhanced wetting. When magnesium nitride 
particles are introduced into molten aluminum a substitution reaction takes place between 
magnesium nitride and aluminum to form aluminum nitride (Figure 4-18). Hence, 
spontaneous infiltration in all samples was completed successfully. 
In this work, the infiltration process was attempted with argon atmosphere at 
same holding temperatures and times, but products were fragile and infiltration was not 




Figure 4.19: Mechanism of magnesium nitride formation 
The needed molten aluminum to react with magnesium nitride was supplied from 
the magnesium alloy and as a product of the reaction between magnesium and alumina as 
follows: 
Al203 O) + 3Mg(g) -» 2Al(l) + 3MgO(s) 4-7 
In samples processed at 650°C, molten aluminum is supplied only from the 
magnesium alloy (AZ91E), while in samples at 800, 950°C it is supplied from melting 
magnesium alloy and through reaction 4-7, because A1N oxidation, which provides 
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alumina to allow Equation 4-7 to proceed, takes place at higher than 750°C (Equation 4-
6). Microstructures of samples show that small A1N particles with average 3-4 um size, 
form at all holding temperatures (Figure 4-19). However, they were observed more in 
samples processed at 950°C rather than at lower temperatures. Hou [96] showed that 
formation of small A1N particles during nitridation of Al-Mg-Si alloys are due to 
substitutional reaction of Mg3N2 and molten aluminum. 
Comparison of XRD patterns between A1N powder and products processed at 
950°C and 135 min. show that AI2O3, which was earlier reported as almost 1.04 wt% in 
the A1N powder reduces to 0.85 wt%. 
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Figure 4-20: Small particles in samples with a) 950 "C and 135 min. b) 800, 25 min. c) 650 °C 
and 25 min. 
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4.3 Physical properties 
4.3.1 Density Measurement 
The density of all samples was measured by Archimedes law, as described in chapter 
4.3.1. The results are shown in Table 4.1. Theoretical density is estimated based on the 
rule of mixture as [24]: 
Pc =Wi XPi) =fl X A + / 2 X A + +fn *Pn 4-10 
Where pc is the density of the composite, p{ andf\ are the density and volume fraction of 
each constituent in the composite, respectively. Experimental porosity is measured 
according to ASTM standard C20-97 [102]. The differences between theoretical and 
experimental porosity is due to closed pores which were not taken into consideration. 
Bulk density was measured using the same standard. 
In the density values measured by Archimedes' method, some errors are 
generated from different specimen weight measurements; weight measurements of dry 
weight (D), suspended weight (S), and weight in air (W). The average error of dry, 
suspended, and air weights for 24 samples (two measurements were performed for each 
sample) are ± 0.09 %, ± 0.295 %, ± 1.58 %, respectively. The average error in the density 
measurement of samples is estimated as ± 1.60 %. All experiments were repeated and the 
average results are presented in Table 4-1. 
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Table 4.1: Porosity Measurements 























































































Figure 4-21 shows the relationship between density and porosity. Figure 4-22 
presents the effects of holding time and temperature on relative density, which was 
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Figure 4.22: The relative density versus: (a) Temperature (b) Times 
For holding times longer than 60 min, the relative bulk density increases with 
increasing temperature. Samples with less than 60 min holding time have more porosity 
and probably more gas inclusions due to insufficient time to fill the porous AIN preform. 
This is supported by Figure 4-22(b) which shows that increasing holding time resulted in 
higher density at all temperatures. 
The reasons for the formation of porosity can be [107]: 
• Incomplete infiltration of the molten metal, 
• Gas inclusions which may form within the composites during the infiltration 
process, or 
• Shrinkage due to solidification of molten metal. 
66 
Estimation of the amount of gas inclusions is difficult. However, the gas inclusion 
quantity depends on the direction of molten metal flow during infiltration and the process 
of solidification. Based on the principle of minimum resistance, the filling of spaces in 
porous A1N proceeds first with the largest capillaries and then as time passes, smaller and 
smaller capillaries. 
4.3.2 Electrical Resistivity 
Table 4.2 shows the results of bulk electrical resistivity. According to the manufacturer's 
recommendation samples were subjected to 500 volts and 2mA current. All samples 
processed at 650 °C holding temperature are conductors and those at 800°C and 950°C are 
insulators. The presence of metallic phases in the samples processed at 650 °C, of course, 
made them conductors. 
Table 4.2: Electrical resistance Measurements 
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Three measurements were performed for each sample and the average error was 
found to be ±0.09 %. The same measurements and error calculations for replicas were 
conducted and the average error of replicas estimated 0.12 %. 
4.4 Thermal Properties 
The two major properties related to heat conduction are thermal conductivity and thermal 
diffusivity. In this section, the main concern is calculating thermal conductivity of 
samples (800, 950°C) which are non-electrical conductors by measuring thermal 
diffusivity and heat capacity as described in Equation 3-3: 
K = CpxpxD 3-3 
4.4.1 Thermal Diffusivity 
Thermal diffusivity measurements were performed on samples as described in section 
3.3.3. The thermal diffusivity values have been measured between 30-295°C (Figure 4-
23). In all samples, thermal diffusivity decreased with increasing temperatures, but at 
different rates depending on the porosity content and bulk density. Figure 4-24 shows 
thermal diffusivity dependence on porosity and relative density of the samples processed 
at 800 °C and 950 °C. In samples with high density, thermal diffusivity increased because 
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Figure 4.24: Thermal diffusivity versus (a) porosity %, and (b) relative density %for 800"C and 
950°C processing 
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4.4.2 Heat Capacity 
Measurement of heat capacity has been achieved by differential scanning calorimetery 
(DSC) between 30-295 °C. The measurement is made according to ASTM method E 
1269 [108]. The results of this test are shown in Figure 4-25 and indicate that no 
decomposition or phase transformation during heating and cooling has occurred. Also, it 
is observed that the trend of heat flow for all holding times is similar and almost constant. 
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Figure 4-25: Heat flow values between 30-295°C at 950°C and 800° C holding temperatures 
Variation of heat flow with temperature in the range of 30-295°C (Figure 4-25) 
can be considered as a linear relation, y=ax+b, and according to Equation 4-12, the 
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specific heat capacity is the slope of the line. Therefore, each sample has a constant value 
of specific heat capacity as shown in Table 4-3. 
Table 4.3: Constant Values ofCp 





























4.4.3 Thermal Conductivity 
Based on the specific heat capacity and density values, thermal conductivity has 
been plotted in Figure 4-26. The total error for the thermal conductivity was calculated as 
±14 %. It is based on average error calculation of samples and replicas which are ±3.33% 
and ±2.85%, respectively. 
For the 950 °C and 135 min. condition, the maximum thermal conductivity value 
of 95.88 W/m.K was achieved. With increased holding time, the density of the samples 
increased resulting in enhanced thermal diffusivity and conductivity as can be seen in 
Figure 4-27. The variation of thermal diffusivity and conductivity with porosity has been 
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Figure 4-26: Thermal conductivity versus temperature calculated with constant heat capacity 
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Table 4-4 shows a summary of all measurements and calculation. Electrically 
conducting samples (at 650 °C) were considered metal matrix composites which are not 
applicable as substrates and packages. Therefore, thermal properties have been calculated 
only for electrically insulating samples (800 °C, 950 °C). 
Table 4-4: Results of all measurements samples 
Sample 
T= 650 °C 
t= 25min 
T : 650 °C 
1= 60min 
T= 650 °C 
1= 90 min 
T=650 °C 
T=135 min 
T : 800 °C 
1= 25 min 
T= 800 °C 
t= 60 min 
T= 800 X 
1= 90 min 
T=800 °C 
T=135 min 
T= 950 °C 
1= 25 min 
T= 950 X 
1= 60 min 
T= 950 =C 
t= 90 min 
T=950 °C 
T=135 min 
A I N / M g 
Mass 
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CHAPTER 5: CONCLUSIONS, CONTRIBUTIONS TO 
KNOWLWDGE, AND SUGGESTIONS FOR FUTURE 
WORK 
5.1 Conclusions 
Reactive pressureless infiltration is a common and low cost method to fabricate metal and 
ceramic matrix composites. Homogeneous distribution of matrix and reinforcing phase 
and near net-shape products are some advantages of this technique. However, controlling 
and monitoring reactions are difficult. The present research was carried out to investigate 
the fabrication of ceramic composites of non-sintered aluminum nitride using reactive 
spontaneous infiltration of molten magnesium alloy (AZ91E) into a porous preform of 
aluminum nitride powder in a nitrogen atmosphere. Magnesium alloy was selected due to 
its low melting temperature and high affinity for oxygen. Samples were examined and 
from the results the following conclusions can be drawn: 
1. Full infiltration of molten magnesium into A1N preform under nitrogen gas 
takes place and samples fabricated at temperatures above 650°C were 
electrical insulators. However, for the same process with an argon atmosphere 
incomplete infiltration was observed. Furthermore, all samples in argon 
atmosphere were conductors. 
2. A simple procedure to fabricate AIN/MgO and AIN/MgO, MgAfeC^ 
composites with in situ spontaneous infiltration was developed. 
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3. The pressureless infiltration occurs at relatively low temperature (650-95 0°C) 
in two directions, downward and upward simultaneously by using proper 
compaction of the A1N preform, 
4. In the samples processed at 800°C and 950°C, ceramic matrix composites 
were obtained because the following reactions took place: 
Al20,0) + 3Mg(g) -> 2,4/(7) + 3MgO{s) 
2Al(l) + N2(g)^2AlN(s) 
Mg3N2(s) + 2Al(l)->2AlN+3Mg 
5. The proposed mechanism to complete infiltration is based on the formation of 
Mg3N2 phase, which completely or partially coats the A1N preform and 
enhances wetting. 
6. The maximum thermal conductivity value, 95.88 W/m.K, was obtained for the 
sample processed at 950 °C and 135 min. 
7. The effects of porosity have been investigated and revealed that it has drastic 
effects on thermal conductivity. 
5.2 Contributions to knowledge 
A novel ceramic matrix composite using non-sintered A1N was fabricated at low 
temperatures (650-950°C). A reasonable thermal conductivity (95.88 W/m.K) with a low 
cost method was achieved. This is the first attempt to explain the infiltration behavior and 
the corresponding thermal conductivity of non-sintered A1N using pressureless 
infiltration of magnesium alloy (AZ91E). 
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5.3 Suggestions for future work 
Although the spontaneous infiltration was achieved, it is recommended that the effects of 
the following parameters be investigated: 
• A1N particle size on thermal conductivity 
• Using other gas such as a mixture of NH3 and N2 or N2/H2. 
• Coating the A1N powder with a thin layer of magnesium, to control porosity and 
density of products 
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APPENDIX A: 
Thermal diffusivity is determined by subjecting the front face of a small disk test sample 
to a short pulse of light energy while recording the resulting temperature rise at the back 





Xeaon Has* Tvix 
Figure A-l: LFA 447 Nanoflash Measuring Principl. 
The back face temperature rise is measured during the test. Thermal diffusivity can be 
determined by comparing the measured data with the appropriate mathematic model such 
as, Parker, Cowan analysis, Koski procedure, and Taylor method. Cowan analysis has 
been recommended for ceramic materials by the laser flash equipment manufacturer. In 
this analysis, it was assumed that the energy pulse was rectangular in shape and of 
relatively short duration (Pulse time tp « tso). Cowan's theoretical relationships are: 
R=^L And C=atso 








tso 5« so Time 
Figure A-2: Cowan analysis curve 
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APPENDIX B: 
FactSage program with F.A.C.T data base has been used to predict heat capacity of 
samples. Proper conformity was found between modeling and measurements in samples 
with two phases, including MgO and A1N, up to 50 °C. 
Samples 
T= 800 °C 
t= 25 min 
T= 800 °C 
t= 60 min 
T= 800 °C 
t= 90 min 
T=800 °C 
T=135 mm 
T= 950 °C 
t= 25 min 
T= 950 °C 
t= 60 min 
T= 950 °C 
t= 90 min 
T=950 °C 
T=135 min 










































In order to calculate XRD patterns, the crystallographic data and atom positions in the 
unit cell must be known. The following tables show the crystal structure data of phases: 















































































































































Mg Al o 
Wyckoff position 
8a 
X 
0.00 
Y 
0.00 
z 
0.00 
16d 
X 
0.625 
Y 
0.625 
Z 
0.625 
32e 
X 
0.361 
Y 
0.361 
z 
0.361 
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